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Introduction {#s1}
============

Activation of the PI3K-AKT pathway is common in many human malignancies leading to an increase in cell survival, growth and proliferation; all necessary hallmarks of a cancer cell. This pathway is up-regulated in cancer cells as a result of a variety of genetic alterations including over-expression of or activating mutations in receptor tyrosine kinases (e.g. *ERBB2* or *MET*), activating mutations in PI3K subunits, loss or promoter methylation of *PTEN* and over-expression of or mutations in the *AKT*s [@pone.0100880-Yuan1]. The AKTs are a family of serine-threonine kinases and an integral component in the signaling cascade downstream of PI3K and PTEN which work to catalyze the formation of PIP3 membrane lipids from PIP2 and back, respectively. PIP3 lipids tether the AKT kinases to the membrane via their plextrin homology domain which enables activation by phosphorylation on Thr308 by PDK1 and Ser473 by the mTORC2 complex [@pone.0100880-Alessi1]--[@pone.0100880-Sarbassov2]. Activated AKT phosphorylates a variety of proteins (e.g. FOXO, TSC1/2, PRAS40, GSK3β) involved in cell survival, growth and proliferation. Given the importance of this pathway in various cancers, a number of small molecules targeting PI3K with and without mTOR inhibition are being evaluated in patients [@pone.0100880-Rodon1]. Several AKT inhibitors have also entered clinical development; however some of them block activation of AKT rather than inhibiting kinase activity [@pone.0100880-Lin1]--[@pone.0100880-Yap1].

We report a novel class of orally available, ATP-competitive, pan-AKT kinase inhibitors, GSK2110183 and GSK2141795. Both molecules inhibit the AKT pathway and proliferation of various tumor cells in vitro and in vivo. In addition, these compounds have more favorable glucose homeostasis profiles than some previously reported AKT inhibitors [@pone.0100880-Lin1]--[@pone.0100880-Rhodes1]. Consistent with AKT pathway inhibition in pre-clinical mouse models of cancer, treatment of tumor bearing mice with GSK2110183 or GSK2141795 resulted in tumor growth inhibition and/or regression. Combination of AKT inhibitor with a MEK inhibitor, GSK1120212, resulted in increased efficacy compared to either single agent independently. These data support the development of these AKT inhibitors for clinical use alone and in combination with a MEK inhibitor.

Materials and Methods {#s2}
=====================

Drugs and Materials {#s2a}
-------------------

GSK2110183 and GSK2141795 were synthesized at GlaxoSmithKline ([Figure S1](#pone.0100880.s001){ref-type="supplementary-material"}). Compounds were dissolved in DMSO at 10 mmol/L prior to use for all *in vitro* studies. For *in vivo* use, both compounds were formulated in 20% polyethylene glycol (PEG) 400/1% DMSO. GSK690693 [@pone.0100880-Rhodes1], was used as a reference molecule in vivo and formulated in 5% dextrose. GSK1120212 (trametinib), a selective MEK inhibitor [@pone.0100880-Gilmartin1], was formulated in 0.5% hydroxypropylmethylcellulose (Sigma) and 0.2% Tween-80 pH 8.0.

Animals {#s2b}
-------

Eight to twelve week old female nu/nu CD-1 mice (Charles River Laboratories) and severe combined immunodeficient (SCID) mice (Taconic Farms) were used. All animal studies were conducted after review by the Institutional Animal Care and Use Committee at GSK and in accordance with the GSK Policy on the Care, Welfare and Treatment of Laboratory Animals. The Institutional Animal Care and Use Committee at GSK specifically approved these studies.

Cell lines and culture {#s2c}
----------------------

Cell lines were purchased from the American Type Culture Collection (Manassas, VA) or from DSMZ, the German Resource Center for Biological Material (Braunschweig, Germany). Cells were routinely cultured in the recommended growth medium containing 10% FBS. All cell lines were maintained in humidified incubators at 37°C under 5% CO2. The cell lines used in this study were not authenticated by any tests in our laboratory.

Kinase Assays {#s2d}
-------------

The potency of compounds against AKT enzymes was measured as described before [@pone.0100880-Rhodes1]. Since GSK2110183 and GSK2141795 are highly potent inhibitors of the 3 isoforms of AKT, the true potency (K~i~ ^\*^) of the inhibitors was initially determined at low enzyme concentrations (0.1 nM AKT1, 0.7 nM AKT2, and 0.2 nM AKT3) using a filter binding assay and then confirmed with progress curve analysis. In the filter binding assay, a pre-mix of enzyme plus inhibitor was incubated for 1 h and then added to a GSKα peptide (Ac-KKGGRARTSSFAEPG-amide) and \[γ^33^P\] ATP. Reactions were terminated after 2 h and the radio labeled AKT peptide product was captured in a phospho-cellulose filter plate. Progress curve analysis utilized continuous real-time fluorescence detection of product formation using the Sox-AKT-tide substrate (Ac-ARKRERAYSF-d-Pro-Sox-Gly-NH2).

GSK2110183 and GSK2141795 were tested against a diverse panel of kinase assays at GlaxoSmithKline and Millipore. Initially, the compounds were tested at 0.5 and 10 µM in all available kinase assays and were followed up with full IC~50~ curves against a subset of enzymes that showed strong inhibition against 0.5 µM, for which in-house assay were not available.

ELISA Assay {#s2e}
-----------

A phospho-GSK3β ELISA was used to determine the EC~50~ for GSK2110183 and GSK2141795 in human cell lines. ELISA plates were prepared by coating with anti-GSK3β antibody (R&D Systems), and blocked with 5% Milk/0.1% Tween-20. Cells were seeded at 25,000 cells/96-well overnight and treated with DMSO or various concentrations of drug for 1 h. Cells were lysed in 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 2 mM EDTA, 10% glycerol and 1% Triton X-100 and lysates transferred to ELISA plates and incubated overnight. The plates were washed and incubated with rabbit anti-phospho-GSK3β (Ser9) antibody (R&D Systems) for 1 h. After washing, plates were developed using HRP-linked anti-rabbit IgG, and 3,3′,5,5′-tetramethylbenzidine as substrate. Absorption was measured in a microplate spectrophotometer at 450 nm. The phospho-PRAS40 ELISA followed similar methodology as above with the exception of using a commercially available PRAS40 (pThr246) kit (Biosource) and following manufacturers\' instructions for the ELISA analysis.

Proliferation Assays {#s2f}
--------------------

Various tumor cell lines were obtained from different sources including; the American Type Cell Culture Collection, the Developmental Therapeutics Program, the National Cancer Institute, the German Resource Center for Biological Material and the European Collection of Animal Cell Cultures. Cell lines were typically grown in RPMI 160 medium containing 10% FBS. Some cell lines were grown in media specified by the vendor. A 3-day proliferation assay using CellTiter-Glo (CTG, Promega) was performed to measure the growth inhibition by the compounds at 0--30 µM. Cell growth was determined relative to untreated (DMSO) controls. EC~50~\'s were calculated from inhibition curves using a 4- or 6-parameter fitting algorithm in the Assay Client application.

Western Analysis {#s2g}
----------------

Cells treated with DMSO or compounds for different duration were lysed using RIPA buffer (Teknova) containing protease and phosphatase inhibitors (Sigma Aldrich). Equal amounts of protein were resolved in 4--12% SDS-PAGE gels (Invitrogen), transferred onto 0.45 µm PVDF membrane (Invitrogen), and incubated with primary antibodies (1∶1000 dilution) overnight. Antibodies for AKT, phospho-AKT (Ser473 and Thr308), phospho-FOXO (Thr24/32), phospho-MEK1/2 (Ser217/221) were purchased from Cell Signaling Technologies. Phospho-GSK3β (Ser9) antibody was from R&D Systems. PRAS40 and phospho-PRAS40 (Thr246) antibodies were obtained from Millipore. Phospho-ERK1/2 (Tyr204), ERK1/2, and phospho-Caspase 9 (Ser196) antibodies were purchased from Santa Cruz Biotechnologies. Tubulin antibodies were purchased from Sigma Aldrich. Following incubation with primary antibody, blots were washed and incubated with IRDye-680 goat-anti-mouse or IRDye-800CW goat-anti-rabbit antibodies (1; 10,000 dilution; LI-COR) for 1 h. Following thorough washing, blots were analyzed using an infrared imaging system (LI-COR).

*In vivo* Xenograft experiments {#s2h}
-------------------------------

Tumors were initiated by injecting either cells (SKOV3, CAPAN-2 and HPAC) or a tumor fragments (BT474) subcutaneously into 6--8 week female athymic nude (SKOV3) and SCID (all others) mice. Once tumors reached between 120 and 300 mm^3^, mice were randomized according to tumor volume into groups of n = 7--10 mice per treatment. GSK2110183 and GSK2141795 were administered daily at various doses by oral gavage. In combination experiments, GSK1120212 was also administered daily by oral gavage. Tumor volumes and body weight were measured twice weekly, tumor volume was measured with calipers and calculated using equation: Tumor volume (mm^3^)  =  (length x width)^2^/2. Results are represented as percent inhibition on completion of dosing  = 100 x \[1- average growth of drug-treated population/average growth of vehicle-treated control population\].

*In vivo* dose response pharmacodynamic assay {#s2i}
---------------------------------------------

SCID mice bearing BT474 tumor xenografts were treated with either vehicle, GSK2110183 or GSK2141795 daily for 7 days prior to harvesting tissue 2 h post the last dose. Protein lysates were analyzed by phospho-PRAS40 ELISA according to the methods described above. Concentration of the test compounds in the tissue and blood was analyzed using protein precipitation with acetonitrile, followed by HPLC/MS/MS analysis using positive ion atmospheric pressure chemical ionization or Turbo ionspray ionization (API 4000 or API 5000, Applied Biosystems). The lower level of detection of compound was 10 ng/mL and the assays were linear over a 100- to a 1000-fold drug concentration range.

Blood glucose levels were determined from tail vein puncture in mice using a handheld glucometer. Plasma Insulin levels were using the Rat Ultrasensitive Insulin ELISA kit (Crystal Chem Inc).

Immunohistochemistry {#s2j}
--------------------

Mice bearing HPAC tumor xenografts were treated with 30 mg/kg GSK2141795 and 0.3 mg/kg of GSK1120212 daily for 3 days (n = 3/group). Four hours following the third dose, tissues were harvested and fixed in 10% neutral buffered formalin for 24 h, and then paraffin embedded. Sections were cut (6 µM) and immunohistochemical analysis was carried using the Discovery XT system (Ventana). Briefly, sections were deparaffinized, hydrated and loaded on the Discovery XT. Antigen retrieval was performed using Tris based (EDTA) buffer solution, CCL (Ventana) at 95--100°C for 20--40 min. Endogenous peroxidases were quenched using the Inhibitor-D 3% H~2~O~2~ reagent (Ventana) for 4 min at 37°C. Primary antibodies included Ki67 (30--9; Ventana), phospho-ERK (MAPK-YT; Sigma) and Thr202/Tyr204 phospho-ERK (D13.14.4E), CC3 (Asp175), PRAS40 (D23C7), Thr-246 phospho-PRAS40 (C77D7), ERK (137F5), AKT (C67E7), Ser-473 phospho-AKT (D9E), S6 (54D2), Ser235/236 phospho-S6 (D57.2.2E) all purchased from Cell Signaling. Diluted antibodies were applied to the sections for 8 h then detected using OmniMap HRP anti-Rb or OmniMap HPR anti-mouse reagent and the ChromaMap DAB detection kit (Ventana). Tissues were counterstained with Harris\' hematoxylin (Lerner Laboratories), dehydrated, cleared, and coverslipped. Images were acquired with an Axio Imager D2 microscope (Zeiss) equipped with an Axiocam HRc digital camera (Zeiss). Image analysis was carried out using the MetaMorph Imaging program (Molecular Devices).

Statistical Analysis {#s2k}
--------------------

Mann Whitney non-parametric t-test was used to analyze association of various genetic alterations in cell lines and their sensitivity to compounds in cell proliferation assay.

Results {#s3}
=======

GSK2141795 and GSK2110183 are potent and selective inhibitors of the AKT kinases which downregulate pathway activity resulting in cell cycle arrest and cell death {#s3a}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

GSK2110183 and GSK2141795 are ATP competitive, time dependant and fully reversible inhibitors of the AKT kinase family. GSK2110183 has a Ki^\*^ of 0.08, 2 and 2.6 nM against AKT1, AKT2 and AKT3, respectively, and GSK2141795 has a Ki^\*^ of 0.066, 1.4 and 1.5 nM against AKT1, AKT2 and AKT3, respectively ([Table 1](#pone-0100880-t001){ref-type="table"}). Both compounds inhibit the kinase activity of the E17K AKT 1 mutant protein in a standard kinase assay with EC~50~\'s of 0.2 nM. Kinase selectivity was evaluated at 0.5 and 10 µM compound concentration against a panel of 261 different kinase assays, including \>225 unique kinases together with some mutant forms and some orthologs from mouse, rat or yeast origin. The majority of the enzymes tested (∼90%) showed \<50% inhibition at 0.5 µM of both compounds ([Table S1](#pone.0100880.s005){ref-type="supplementary-material"}). Most of the enzymes that were inhibited \>50% at 0.5 µM belonged to the AGC family including PKA, PKC, and PKG isoforms. IC~50~ values were generated for these enzymes ([Table 1](#pone-0100880-t001){ref-type="table"}).

10.1371/journal.pone.0100880.t001

###### Biochemical and Cellular Activity of GSK2110183 and GSK2141795.

![](pone.0100880.t001){#pone-0100880-t001-1}

  Biochemical Assay                                                    IC~50~ (nM)                                                        
  ------------------------------------------------------ --------------------------------------- ---------------------------------------- --------
  AKT1                                                    0.08[\*](#nt102){ref-type="table-fn"}   0.066[\*](#nt102){ref-type="table-fn"}  
  AKT2                                                     2[\*](#nt102){ref-type="table-fn"}      1.4[\*](#nt102){ref-type="table-fn"}   
  AKT3                                                    2.6[\*](#nt102){ref-type="table-fn"}     1.5[\*](#nt102){ref-type="table-fn"}   
  AKT1 E17K mutant                                                         0.2                                     0.2                    
  P70S6K                                                                   251                                      50                    
  PKA                                                                      1.3                                     2.0                    
  PKCα                                                                   \>1000                                   \>1000                  
  PKCβ1                                                                    430                                      56                    
  PKCβ2                                                                  \>1000                                     86                    
  PKCδ                                                                    1000                                      69                    
  PKCγ                                                                   \>1000                                    200                    
  PKCε                                                                   \>1000                                   \>1000                  
  PKCθ                                                                     510                                      64                    
  PKCη                                                                     210                                      49                    
  PKCι                                                                   \>1000                                   \>1000                  
  PKCμ                                                                   \>1000                                    690                    
  PKCζ                                                                   \>1000                                   \>1000                  
  PKG1α                                                                    0.9                                     \<1                    
  PKG1β                                                                    4.0                                     \<1                    
  ROCK                                                                     100                                     126                    
  RSK1                                                                     316                                     200                    
  **Cellular Assay** [\$](#nt103){ref-type="table-fn"}                **Cell Line**                                                       
  pGSK-3β                                                                 BT474                                   316±91                   143±21
  pGSK-3β                                                                 LNCaP                                   76±16                     34±5
  pPRAS40                                                                 BT474                                   121±40                   39±0.5
  pPRAS40                                                                 LNCaP                                   104±5                     55±2
  FOXO_GFP translocation                                               MDA-MB-468                                 52±11                    47±37

IC~50~ or K~i~ of selected kinases inhibited \>50% at 0.5 µM from larger kinase panel.

\*Data represents K~i~ (nM) values.

Data represents mean ± std dev from multiple experiments for cellular assays.

Whole cell assays were performed to test the ability of GSK2110183 and GSK2141795 to inhibit the kinase activity of AKT in human tumor cell lines. Two cell lines, BT474 (breast; *ERBB2*+, *PIK3CA* K111N) and LNCaP (prostate; *PTEN* null), were chosen for this analysis due to their AKT pathway activation. GSK2141795 and GSK2110183 showed concentration-dependent effect on multiple AKT substrate phosphorylation levels, including GSK3β, PRAS40, FOXO and Caspase 9 in both cell lines ([Figure 1A](#pone-0100880-g001){ref-type="fig"}, [Figure 2A](#pone-0100880-g002){ref-type="fig"}, [Table 1](#pone-0100880-t001){ref-type="table"}). As reported with other ATP-competitive AKT kinase inhibitors [@pone.0100880-Rhodes1], [@pone.0100880-Han1], both compounds show a concentration-dependent feedback increase in AKT phosphorylation. There was no change in phosphorylation of MEK and ERK1/2 in these cell lines at 1 h suggesting selective inhibition of AKT pathway ([Figure 1A](#pone-0100880-g001){ref-type="fig"}, [Figure 2A](#pone-0100880-g002){ref-type="fig"}).

![Effect of GSK2141795 on AKT signaling and growth inhibition in human cancer cell lines.\
*A*, BT474 (left) and LNCaP (right) cell lines were treated with DMSO or GSK2141795 for 1 h. Western analysis was performed to assay levels of phosphorylated and total GSK-3, PRAS40, AKT and ERK, phosphorylated FOXO, Caspase 9, and MEK. Tubulin was used as a loading control. *B*, Scatter plot of EC~50~\'s for anti-proliferative effect of GSK2141795 against various haematological cancer cell lines. Cell lines are grouped according to their disease classification and sub-divided into cellular origin of B cell (black diamond), pre-B cell (red diamond), T cell (blue diamond) or other (grey diamond). *C*, Scatter plot of EC~50~\'s for various solid cancer cell lines treated with GSK2141795. Cells were treated as described above. Cell lines are grouped by tissue of origin then further divided by genetic status. *KRAS/BRAF^V600E^* mutation status is represented by color with mutant (red), wild type (black) or other (blue); whereas *PIK3CA* or *PTEN* status represented with shape, mutant (diamond) and wild type (circle).](pone.0100880.g001){#pone-0100880-g001}

![Effect of GSK2110183 on AKT signaling and growth inhibition in human cancer cell lines.\
*A*, BT474 (left) and LNCaP (right) cell lines were treated with DMSO or GSK2110183 for 1 h. Western analysis was performed to assay levels of phosphorylated and total GSK-3, PRAS40, AKT and ERK, phosphorylated Foxo, Caspase 9, and MEK. Tubulin was used as a loading control. *B*, Scatter plot of EC~50~\'s for anti-proliferative effect of GSK2110183 against various haematological cancer cell lines. Cell lines are grouped according to their disease classification and sub-divided into cellular origin of B cell (black diamond), pre-B cell (red diamond), T cell (blue diamond) or other (grey diamond). *C*, Scatter plot of EC~50~\'s for various solid cancer cell lines treated with GSK2110183. Cells were treated as described above. Cell lines are grouped by tissue of origin then further divided by genetic status. *KRAS/BRAF^V600E^* mutation status is represented by color with mutant (red), wild type (black) or other (blue); whereas *PIK3CA* or *PTEN* status represented with shape, mutant (diamond) and wild type (circle).](pone.0100880.g002){#pone-0100880-g002}

Phosphorylation of the transcription factor FOXO3 by AKT regulates its cellular localization, and inhibition of AKT leads to unphosphorylated FOXO3A that translocates to the nucleus [@pone.0100880-Takaishi1]. A GFP tagged FOXO3A allows the visualization and quantification of this translocation in the presence of varying concentrations of an AKT inhibitor ([Methods S1](#pone.0100880.s008){ref-type="supplementary-material"}). The EC~50~ values for GSK2110183 and GSK2141795 in this assay were very similar at 53 and 47 nM, respectively ([Table 1](#pone-0100880-t001){ref-type="table"} and [Figure S2](#pone.0100880.s002){ref-type="supplementary-material"}).

GSK2110183 and GSK2141795 preferentially inhibit the proliferation of human cancer cells lines with AKT pathway activation {#s3b}
--------------------------------------------------------------------------------------------------------------------------

The ability of AKT inhibitors to inhibit the growth of human tumor cell lines was assessed in a panel of 290 cells lines. Out of these, 112 of the cell lines were derived from various hematological malignancies while 178 were derived from solid tumors of different origins. Proliferation assays were carried out using a titration of compounds for three days and analyzed using the CTG assay. Individual EC~50~\'s as well as relevant genetic mutations for all solid and hematological cell lines are listed in [tables S2](#pone.0100880.s006){ref-type="supplementary-material"} and [S3](#pone.0100880.s007){ref-type="supplementary-material"}, respectively.

GSK2141795 and GSK2110183 consistently have more potent anti-proliferative effects on a variety of hematological malignancies. Overall 81% of the hematological cell lines were sensitive to GSK2141795 while 65% were sensitive to GSK2110183 (EC~50~\<1 µM). A large proportion of B and T cell origin ALL, Non-Hodgkins Lymphoma (NHL) and CLL cell lines were particularly sensitive to AKT inhibition ([Figure 1B](#pone-0100880-g001){ref-type="fig"}, [Figure 2B](#pone-0100880-g002){ref-type="fig"}). Among solid tumor cell lines, 36% and 21% had EC~50~\<1 µM in response to GSK2141795 and GSK2110183, respectively. Overall, the data shows that cell lines from breast and lung cancer are the most sensitive with 66--73% of the breast cell lines having EC~50~\<1 µM to the AKT inhibitors and 20--34% of lung cell lines having EC~50~ values \<1 µM ([Figure 1C](#pone-0100880-g001){ref-type="fig"}, [Figure 2C](#pone-0100880-g002){ref-type="fig"}). Interestingly, it appears that many of the cell lines sensitive to GSK2141795 and GSK2110183 have PI3K or PTEN alterations (EC~50~\<1 µM; p\<0.0001 for both compounds). Conversely, many of the more resistant cell lines (EC~50~\>1 µM) contain activating mutations to *KRAS*, *NRAS* or *BRAF*, a finding that is statistically significant for GSK2141795 (p = 0.026) and GSK2110183 (p = 0.030; [Figure 1C](#pone-0100880-g001){ref-type="fig"} and [Figure 2C](#pone-0100880-g002){ref-type="fig"}).

To further characterize the cellular pharmacology, cell cycle analysis was performed with GSK2141795 using BT474, LNCaP, A3 and 19.2 cell lines. Treatment of BT474 cells resulted in G1 arrest which was evident at 1 µM, with an accumulation in \<G1 observed at higher concentrations (10 µM) which is suggestive of cell death ([Figure 3](#pone-0100880-g003){ref-type="fig"}). LNCaP cells exposed to various concentrations of compound showed a concentration-dependent increase in cells within the sub-G1 phase which is indication of cell death with no obvious increase in G1 ([Figure 3](#pone-0100880-g003){ref-type="fig"}). The two hematological cell lines A3 and I9.2 showed a dose dependant increase in G1 cellular arrest at 1 µM similar to the BT474 cells ([Figure 3](#pone-0100880-g003){ref-type="fig"}). GSK2110183 had similar effects on the cell cycle to GSK2141795 (data not shown).

![Effect of GSK2141795 on cell cycle.\
LNCaP, BT474, A3 and I9.2 cells lines were treated with GSK2141795 for 24; bars, SD.](pone.0100880.g003){#pone-0100880-g003}

The pharmacodynamic (PD) and pharmacokinetic (PK) relationship in mouse tumor models {#s3c}
------------------------------------------------------------------------------------

The ability of both orally available AKT kinase inhibitors to inhibit the phosphorylation of PRAS40 in tumors was assessed in mice bearing BT474 tumors. PRAS40 phosphorylation was decreased by 8%, 37% and 61% in tumors of mice dosed with GSK2110183 at 10, 30 and 100 mg/kg QDx7, respectively ([Figure 4A](#pone-0100880-g004){ref-type="fig"}). The concentration of GSK2110183 in the blood and tumor increased dose proportionally, with tumor exposure consistently higher than blood. Approximately 3 µM of circulating GSK2110183 (1500 ng/mL) corresponded with a 61% decrease in phospho-PRAS40. Similar experiments were performed for GSK2141795 and show a dose responsive inhibition of phospho-PRAS40 with a 30 mg/kg administration resulting in 62% inhibition corresponding to ∼3 µM of compound in the blood ([Figure 4B](#pone-0100880-g004){ref-type="fig"}).

![Dose responsive PD/PK relationship of GSK2110183 and GSK2141795 in BT474 tumor xenografts.\
Mice bearing BT474 tumors were treated with vehicle or GSK2110183 at 10, 30 or 100/kg (A) or GSK2141795 at 3, 10 and 30 mg/kg (B) daily for 7 days (QDx7; n = 3/group). Tumors were harvested and analysed by ELISA for phosphorylated and total PRAS40 levels. The concentration of compound in the tumor (black triangles; ng/g) and blood (grey squares; ng/mL) was quantified by LC/MS-MS. Data represents mean ± s.d. \*p\<0.01.](pone.0100880.g004){#pone-0100880-g004}

A time course experiment with GSK2110183 at 100 mg/kg shows a sustained 60% inhibition of phospho-PRAS40 for 24 h with phospho-PRAS40 levels returning to baseline by 48 h ([Figure S3A](#pone.0100880.s003){ref-type="supplementary-material"}). Tumor GSK2110183 levels were higher than blood, and blood concentrations of 3--4 µM result in 60% inhibition of phospho-PRAS40. GSK2141795 show similar kinetics, maintaining 60% inhibition of phospho-PRAS40 for 8 h with levels returning to baseline by 48 h. Pharmacodynamic effects of GSK2141795 correlated with 2--3 µM blood concentrations maintained for 8 h ([Figure S3B](#pone.0100880.s003){ref-type="supplementary-material"}).

Effects on glucose homeostasis {#s3d}
------------------------------

The effect on blood glucose and plasma insulin was evaluated after a single oral dose, selected based on the respective maximally tolerated dose in a repeat dose study for 2--3 weeks in mice. Mice were administered 100 mg/kg GSK2110183 orally once and blood harvested 0, 0.5, 1, 2, 4, 8 and 24 h post dosing. Blood glucose levels were minimally affected with an average elevation to 211 mg/dL 2 h post dosing and a return to normal levels by 8 h ([Figure 5A](#pone-0100880-g005){ref-type="fig"}). Insulin levels increased to 105.6 ng/mL 4 h post dosing which returned to baseline by 8 h ([Figure 5A](#pone-0100880-g005){ref-type="fig"}). A single 30 mg/kg dose of GSK2141795 results in 200 mg/dL blood glucose levels 2 h post dosing and a concomitant elevation in plasma insulin (188 ng/mL; [Figure 5B](#pone-0100880-g005){ref-type="fig"}). Both glucose and insulin levels returned to normal by 8 h following administration of GSK2141795 ([Figure 5B](#pone-0100880-g005){ref-type="fig"}).

![The impact of GSK2110183 and GSK2141795 on glucose homeostasis in vivo.\
Blood glucose (black squares) and plasma insulin (black circles) levels were assayed over time in mice treated with a single efficacious dose of GSK2110183 (30 mg/kg) or GSK2141795 (100 mg/kg). Data represents mean ± s.d.](pone.0100880.g005){#pone-0100880-g005}

The anti-tumor effect *in vivo* {#s3e}
-------------------------------

Given the observed pharmacodynamic inhibition of the AKT pathway, the efficacy of both compounds was assessed in mice bearing established human tumor xenografts. Mice bearing BT474 tumors were dosed orally with either vehicle or GSK2141795. After 20 days of treatment with 10, 20 and 30 mg/kg of GSK2141795, tumor growth inhibition (TGI) of 28, 57 and 98%, respectively, was observed relative to vehicle control ([Figure 6A](#pone-0100880-g006){ref-type="fig"}). Minimal body weight loss of 3--8% was reported on day 6 of dosing which recovered by the end of study (data not shown). Similarly, mice bearing BT474 breast tumor xenografts were dosed orally with either vehicle or GSK2110183 at 10, 30 or 100 mg/kg daily for 21 days which resulted in 8, 37 and 61% TGI, respectively ([Figure S4A](#pone.0100880.s004){ref-type="supplementary-material"}). Mice tolerated GSK2110183 well, with 1--3% body weight loss reported after 5 days of dosing which recovered over the course of the study. Other tumor xenograft models which possess an activation of the AKT pathway were explored to further demonstrate compound efficacy. Mice bearing SKOV3 ovarian tumor xenografts with 10, 20 and 30 mg/kg GSK2141795 QD displayed a 73, 85 or 93% TGI, respectively, compared to vehicle control ([Figure 6B](#pone-0100880-g006){ref-type="fig"}). Similarly, mice treated with GSK2110183 at 10, 30 and 100 mg/kg resulted in 23, 37 and 97% TGI, respectively, of SKOV3 xenografts ([Figure S4B](#pone.0100880.s004){ref-type="supplementary-material"}).

![Anti-tumor activity of GSK2141795 in vivo.\
Mice bearing either BT474 (*A*) or SKOV3 (*B*) tumors were treated with vehicle (black line) or GSK2141795 at 10 (red line), 20 (blue line) or 30 (gold line) mg/kg, once daily for 21 d (QDx21). Duration of treatment is shown by the horizontal grey line. Tumor volume was measured twice per week. Data represents mean ± SEM. \#p\<0.05, \*p\<0.01.](pone.0100880.g006){#pone-0100880-g006}

Combination with MEK inhibitor {#s3f}
------------------------------

GSK2141795 was tested in combination with the MEK inhibitor, GSK1120212, in pancreatic tumor xenografts to assess enhanced inhibition of tumor growth when the MAPK and AKT pathways are inhibited in unison [@pone.0100880-Yuan1], [@pone.0100880-Sos1]. Mice bearing HPAC tumors were dosed daily with either vehicle, 30 mg/kg GSK2141795, 0.3 mg/kg GSK1120212 or the combination of GSK2141795 plus GSK1120212 at 30 and 0.3 mg/kg, respectively. GSK2141795 and GSK1120212 treatment alone resulted in 31 and 65% TGI, respectively, compared to the vehicle control mice on day 42 of study ([Figure 7A](#pone-0100880-g007){ref-type="fig"}). The combination of GSK2141795 plus GSK1120212 resulted in a TGI of 93% at day 42 of study. Continued dosing of the combination of AKT and MEK inhibitors show enhanced tumor growth delay with the two inhibitors together compared to the either single agent alone ([Figure 7A](#pone-0100880-g007){ref-type="fig"}).

![Combination anti-tumor effect of AKT and MEK inhibitors in mouse models of pancreatic cancer.\
Mice bearing HPAC (*A*) or CAPAN-2 (*B*) tumor xenografts were treated with either vehicle (black line), 0.3 mg/kg GSK1120212 (purple line), 30 mg/kg GSK2141795 (green line) or the combination of both (blue line). Data represents mean ± SEM. \#p\<0.05, \*p\<0.01. *C*, Immunohistochemical evaluation of HPAC tumor xenografts treated with vehicle, GSK1120212 at 0.3 mg/kg QDx3 (MEK inh), GSK2141795 at 30 mg/kg QDx3 (AKT inh) or the combination of GSK1120212 plus GSK2141795 at 0.3 and 30 mg/kg, respectively (combo). Tumor tissues were stained with markers of proliferation (Ki67), apoptosis (Cleaved Caspase 3; CC3), MAPK pathway activation (phospho-ERK, dually phospho-ERK and total ERK) and AKT pathway activation (phospho-PRAS40, total PRAS40, phospho-S6 kinase, total S6K, phospho-AKT and total AKT). Quantitative image analysis of various immune-staining is represented as a percentage of the vehicle control (100%). Data represents mean ± s.d.](pone.0100880.g007){#pone-0100880-g007}

Similarly, mice bearing CAPAN-2 tumor xenografts and dosed with 30 mg/kg GSK2141795 resulted in minimal TGI (26%) compared to the vehicle control at day 69, while GSK1120212 resulted in 90% TGI ([Figure 7B](#pone-0100880-g007){ref-type="fig"}). The two agents together resulted in an increased TGI of \>100%, which is suggestive of tumor regression at day 69 ([Figure 7B](#pone-0100880-g007){ref-type="fig"}).

To assess the mechanism of this inhibitor combination, HPAC tumors treated for three days with vehicle, GSK2141795, GSK1120212 or the two agents in combination were harvested, fixed and analyzed by IHC for various markers ([Figure 7C](#pone-0100880-g007){ref-type="fig"}). Quantification of proliferation and apoptosis were measured with the Ki67 and cleaved caspase 3 (CC3) assays, respectively. Both AKT and MEK inhibitors given alone or in combination showed a reduction in proliferating cells (Ki67+) following treatment, and up to a 200% increase in apoptosis (CC3 assay). ERK is phosphorylated by MEK and as expected MEK inhibitor treatment resulted in a decrease in phosphorylated ERK in HPAC tumors, whereas AKT inhibitor had no effect. AKT inhibition causes feedback hyperphosphorylation of AKT and this was observed in HPAC xenografts. This effect was similar in mice treated with GSK2141795 alone or in combination with GSK1120212. PRAS40 and ribosomal S6 phosphorylation showed a decrease with both MEK and AKT inhibitor treatment, with additive decrease when the two drugs were given together ([Figure 7C](#pone-0100880-g007){ref-type="fig"}).

Discussion {#s4}
==========

We describe the biochemical and biological characterization of two orally available, small molecule inhibitors of the AKT kinases that have recently completed Phase I dose escalation studies in cancer patients [@pone.0100880-Burris1], [@pone.0100880-Spencer1]. GSK2110183 and GSK2141795 have very similar characteristics; both are potent inhibitors of the AKT kinases with sub-nanomolar potency against AKT1 and low nanomolar potency against AKT2 and 3. As with most ATP-competitive kinase inhibitors, these compounds inhibit some additional kinases, most notably PKA and PKG1α ([Table 1](#pone-0100880-t001){ref-type="table"}). Thus, it cannot be ruled out that inhibition of these additional kinases may contribute to some of the cellular phenotypes observed with these molecules. Activating mutations (E17K) in the pleckstrin homology domain of *AKT1* and *AKT3* have been reported in various malignancies [@pone.0100880-Carpten1]--[@pone.0100880-Shoji1]. These activating mutations confer a constitutive activation of the kinase activity. More recently, E17K mutation in *AKT1* has been associated with Proteus syndrome and a similar mutation in *AKT2* was found in patients with rare hypoglycemia [@pone.0100880-Lindhurst1], [@pone.0100880-Hussain1]. GSK2110183 and GSK2141795 inhibit the activity of AKT1 E17K mutant with IC~50~ comparable to the wild type, which is consistent with their mode of inhibition in the ATP pocket, away from the PH domain. This clearly differentiates these molecules from allosteric AKT inhibitors which bind to the PH domain and are inactive against these AKT mutants [@pone.0100880-Wu1]. Activity against PH domain mutant AKT provides potential opportunity to evaluate these compounds in cancer patients with these mutations. Once the human safety profile has been well established, it will be tempting to explore them in patients with Proteus syndrome and/or hypoglycemia caused by *AKT1* or *AKT2* mutation, respectively.

Cellular potencies of GSK2110183 and GSK2141795 are comparable, although the latter is 2--3 times more potent in general in most of the experiments and against a large cell panel ([Table S2](#pone.0100880.s006){ref-type="supplementary-material"}). Consistent with inhibition of phosphorylation of various AKT substrates, a feedback hyperphosphorylation of AKT at both Ser473 and Thr308 was observed as shown before by multiple investigators [@pone.0100880-Rhodes1], [@pone.0100880-Han1]. Translocation of a GFP tagged FOXO3A to the nucleus is apparent in the presence of both molecules, showing the functional consequence of change in phosphorylation of this transcription factor.

Potent activity against AKT kinases and relative selectivity against a large kinase panel translates in cells as increased sensitivity of tumor cell lines with *PIK3CA* and/or *PTEN* mutations, genes known to regulate AKT pathway activation. Mutation in *KRAS* or *BRAF* results in activation of MAPK pathway, which was not altered by AKT inhibitors ([Figure 1A](#pone-0100880-g001){ref-type="fig"}) and as such cell lines harboring these mutations were generally less sensitive to compounds in proliferation assays. Among hematological tumors, cell lines from B and T cell origin were more sensitive compared to myeloid lineage, the latter being associated with MAPK pathway activation [@pone.0100880-Morgan1], [@pone.0100880-Ricciardi1].

AKT inhibitors demonstrated a dose-dependent decrease in PRAS40 phosphorylation in BT474 tumor xenografts *in vivo* that is sustained for 8--24 h with once daily administration. In general, approximately 2--4 µM of compound in blood (C~max~) achieves ∼60% inhibition of phospho-PRAS40. Both molecules had dose-dependent and proportional PK in mice, with tumor tissue concentrations ≥3-fold higher than blood. Certainly, a higher exposure of compound is required to inhibit Akt activity in vivo than in the various in vitro assays, which is consistent with high protein binding (\>95% in human and rodent plasma) for both compounds. High protein binding and/or cellular permeability are likely contributing to the shift from biochemical to cellular activity, as the latter is generally performed with 5--10% serum in culture medium. Anti-tumor efficacy of the molecules was tested in several mouse models of human cancer including BT474 and SKOV3 (ovarian) both of which contain *PIK3CA* mutations (H1047R or K111N) and amplification of *ERBB2* rendering the AKT pathway hyperactive. *In vitro*, both cell lines were sensitive to the molecules with EC~50~\'s ranging from 66 nM to 1.1 µM. Maximal inhibition of BT474 tumor growth of 61 and 98% was achieved with 30 mg/kg GSK2110183 and 100 mg/kg GSK2141795 over 3 weeks, respectively. The SKOV3 tumor xenograft also showed robust TGI of 80 and 93% following administration of 30 mg/kg GSK2110183 and 100 mg/kg GSK2141795.

Since AKT is essential to insulin receptor signaling and glucose uptake, the effect of compound administration on blood glucose and insulin levels in mice was evaluated. GSK2141795, the more potent (and also with more off-target kinase inhibition) of the two compounds in cell and *in vivo* studies induces the largest change in blood glucose of between 200--300 mg/dL when dosed at the maximal tolerated dose of 30 mg/kg, daily. As expected, both molecules show an increase in circulating insulin level that mirrors the glucose effects. At low doses, hyperinsulinemia occurs prior to glucose elevation suggesting changes in insulin level could be used clinically to predict the approach to a clinically relevant dose (data not shown). The previously reported AKT inhibitor, GSK690693 induced a much larger increase in hyperglycemia of ∼500 mg/dL in mice [@pone.0100880-Rhodes1]. Analysis of the kinase activity of GSK690693 compared to GSK2110183 and GSK2141795 shows a clear divergence of activity on key kinases involved in insulin signaling and glucose homeostasis including AMPK and several PKC isoforms. Lack of activity of these new molecules on such kinases may explain the reduced effect on glucose control.

Based on the potent and selective AKT kinase inhibition and overall pharmaceutical properties, both GSK2110183 and GSK2141795 are being evaluated in patients with various cancers. Although some patients showed partial response and stable disease on treatment with single agent GSK2141795 in the dose escalation study [@pone.0100880-Burris1], the overall clinical activity was modest in this unselected patient population, consistent with the results from other agents targeting PI3K-AKT pathway [@pone.0100880-Rodon1]. Mutations in *KRAS* or *BRAF* are associated with resistance to AKT inhibitors and inhibition of PI3K/AKT/mTOR signaling may lead to activation of the MEK/ERK signaling [@pone.0100880-Ebi1]--[@pone.0100880-Serra1] which can confer resistance to PI3K pathway inhibitors [@pone.0100880-Serra1]--[@pone.0100880-Faber1]. Similarly, MEK inhibition leads to feedback regulation of AKT signaling and attenuation of sensitivity to MEK inhibitors [@pone.0100880-Faber1]--[@pone.0100880-Yoon1]. Given the relatively high frequency (∼90%) of *KRAS* mutation in pancreatic cancer, we chose CAPAN-2 and HPAC tumor xenografts harboring distinct mutations in *KRAS*, namely G12D and G12V, respectively for the combination studies. Enhanced anti-tumor efficacy in both models was associated with greater reduction in phospho-S6 level, a measure of mTORC1 inhibition which has recently been shown to be a better predictor of sensitivity to both PI3K and MAPK pathway inhibitors in preclinical models as well as in patients with different tumors [@pone.0100880-Elkabets1]--[@pone.0100880-Corcoran1]. Combination of small molecule PI3K/AKT and MEK inhibitors have been challenging due to increased toxicity in patients and will likely require identifying the optimal dose and schedule as well as careful selection of patients likely to benefit from these combinations [@pone.0100880-Rodon1]. Based on the promising preclinical activity, a clinical study combining GSK2141795 with trametinib (GSK1120212) is ongoing to evaluate various dosing schedules with pharmacodynamic marker assessment for both PI3K/AKT and MAPK signaling, including phospho-S6 measurement in paired biopsies. Modulation of pharmacodynamic markers will be key to identifying a clinically meaningful therapeutic dose and schedule for the combination.

Supporting Information {#s5}
======================

###### 

**Chemical structures of GSK2110183 and GSK2141795.**

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of GSK2141795 and GSK2110183 on the nuclear translocation of FOXO3A.** *A*, MDA-MB-468 cells, stably expressing a FOXO3A-GFP reporter gene, were treated with vehicle, GSK2110183 (1 µM) or GSK2141795 (1 µM). *B*, Titration of GSK2110183 and GSK2141795 at various concentration for 1 h and cells analysed on a high content imager to generate inhibition curves and EC50\'s. *C*, Western analysis for phosphorylated Foxo3a was performed on protein lysate 1 h after compound treatment and tublin was used as a loading control.

(TIF)

###### 

Click here for additional data file.

###### 

**Time course PD/PK relationship of GSK2110183 and GSK2141795 in BT474 tumor xenografts.** Female SCID mice bearing BT474 tumors were treated with vehicle, 100 mg/kg GSK2110183 (A) or 30 mg/kg GSK2141795 (B) daily for 7 days (QDx7; n = 3/group). Tumors and blood were harvested over time at 0, 1, 2, 4, 6, 8, 24, 36, 48 and 72 h post the last dose. Tumors were analysed by ELISA for phosphorylated and total PRAS40 levels. The concentration of drug in the tumor (black triangles; ng/g) and blood (black squares; ng/mL) was quantified by LC/MS-MS. Data represents mean ± s.d. \#p\<0.05, \*p\<0.01.

(TIF)

###### 

Click here for additional data file.

###### 

**Anti-tumor activity of GSK2110183 in vivo.** Female mice bearing either BT474 (*A*) or SKOV3 (*B*) tumors were treated with vehicle (black line) or GSK2110183 at 10 (red line), 30 (blue line) or 100 (gold line) mg/kg once daily for 21 days (QDx21). Duration of treatment is shown by the horizontal grey line. Tumor volume was measured twice per week. Data represents mean ± SEM. \#p\<0.05, \*p\<0.01.

(TIF)

###### 

Click here for additional data file.

###### 

**Kinase selectivity of GSK2110183 and GSK2141795.**

(XLSX)

###### 

Click here for additional data file.

###### 

**Anti-proliferative activity of GSK2110183 and GSK2141795 against solid tumor cell lines.**

(XLSX)

###### 

Click here for additional data file.

###### 

**Anti-proliferative activity of GSK2110183 and GSK2141795 against hematological tumor cell lines.**

(XLSX)

###### 

Click here for additional data file.

###### 

**Supplemental methods.**

(DOCX)

###### 

Click here for additional data file.

[^1]: **Competing Interests:**Funding for the work was provided by GlaxoSmithKline, the employer of all authors at the time of the study. MD, MAS, MBR, DAH and RK are inventors on the patents describing identification and/or use of compounds described. GSK2110183 and GSK2141795 are compounds in clinical development. GSK1120212 (trametinib) is an approved drug for treatment of patients with unresectable or metastatic melanoma with BRAF V600E or V600K mutations. Relevant patents are as follows: 1. Seefeld MA, Rouse MB, Heerding DA, Peace S, Yamashita DS, McNulty KC. Inhibitors of Akt activity (Preparation of GSK2110183 and GSK2141795). WO 2008098104 A1 (US2008/053269). 2. Dumble M, Gilmer T, Kumar R, Lebowitz PF, Morris SR, Laquerre S. Combinations (Trametinib and GSK2110183). WO2011038085 A1 (US2010/049952). 3. Dumble M, Gilmer T, Kumar R, Lebowitz PF, Morris SR, Laquerre S. Combinations (Trametinib and GSK2141795). WO2011038082 A1 (US2010/049946). 4. Dumble M, Gilmer T, Kumar R, Laquerre S, Lebowitz PF, Morris SR. Combinations (Dabrafenib and GSK2110183). WO2011044415 A1 (US 2010/051909). 5. Dumble M, Gilmer T, Kumar R, Laquerre S, Lebowitz PF, Morris SR. Combinations (Dabrafenib and GSK2141795). WO2011044414 A1 (US2010/051907). 6. Kumar R. Combination (GSK2110183 and pazopanib). WO2011150044 A1 (US 2011/037881). 7. Kumar R. Combination (GSK2141795 and pazopanib). WO2014066204 A1 (US 2013/065829). 8. Gilmer TM, Kumar R. Combinations (Lapatinib and GSK2110183). WO2011146710 01 (US 2011/037141). 9. Gilmer TM, Kumar R. Combinations (Lapatinib and GSK2141795). WO2014066202 A1 (US 2013/065827). 10. Kumar R. Combination (GSK2110183 and proteasome inhibitors). WO2012097021 (US 2012/020863; US2012/0258933). There are no further patents, products in development or marketed products to declare. This does not alter the authors\' adherence to all the PLOS ONE policies on sharing data and materials, as detailed online in the guide for authors.

[^2]: Conceived and designed the experiments: MD MC SZ MS DL KR QL DJF EAM MAS MBR SKR DAH RK. Performed the experiments: MD MC SZ MS DL KR QL DJF EAM MAS MBR. Analyzed the data: MD MC SZ MS DL KR QL DJF EAM MAS MBR SKR DAH RK. Contributed reagents/materials/analysis tools: MAS MBR. Contributed to the writing of the manuscript: MD MS DAH RK.
